ABSTRACT This research investigated how the striped cucumber beetle, Acalymma vittatum (F.), responds to the presence of a predator, the wolf spider Rabidosa rabida (Walckenaer). We answered four questions. (1) Does a beetle alter its behavior in the presence of a wolf spider in a laboratory microcosm? (2) Do striped cucumber beetles in nature modify their behavior when a wolf spider is nearby? (3) If beetles do respond to the presence of a wolf spider, what types of cues do the beetles use to detect the predator? (4) Does the proximity of other beetles affect how beetles respond to the predator? In laboratory microcosms, the presence of a spider reduced the frequency at which beetles fed, but beetles did not change their feeding behavior in the presence of a nondangerous arthropod, the cricket Achaeta domestica. Field observations conducted at night in cucurbit gardens revealed that a spider within 15 cm of groups of beetles increased by Ϸ1.6-fold the rate at which beetles left the plant. The proportion emigrating was higher as group size increased, but group size did not affect the responsiveness to the predator. Further laboratory microcosm experiments revealed that the striped cucumber beetle consistently relies on tactile cues and sometimes on visual cues to detect the wolf spider. In one experiment, the presence of the wolf spider affected the feeding rate of a beetle when it was on the plant, but the most consistent behavioral response to the presence of the spider was to leave the plant at a higher rate.
MANY ANIMALS RECOGNIZE the presence of predators and reduce activity to reduce their risk of being preyed on (Lima and Dill 1990) . Thus, the mere presence of a predator can reduce damage to plants from herbivory by inßuencing the behaviors of herbivores without killing them . Schmitz et al. (1997) found that in Þeld cages, the presence of a spider induced shifts in the pattern of activity and diet selection of grasshoppers that led to increased plant biomass. In laboratory microcosms, spotted cucumber beetles (Diabrotica undecimpunctata howardi [Barber] ) reduced their feeding and reduced damage to host plants in the presence of the wolf spider Hogna helluo (Hentz) (Snyder and Wise 2000) . Beetles did not signiÞcantly alter their feeding rate in the presence of three other predaceous arthropods (the wolf spider Pardosa and two beetle species [Carabidae] ). Of the four predators tested, H. helluo was the most effective at capturing D. undecimpunctata howardi in a structurally complex environment similar to that in the Þeld. The fact that spotted cucumber beetles responded to H. helluo, whereas the others were ignored, suggests that D. undecimpunctata howardi may have been able to recognize H. helluo as a potentially dangerous predator (Snyder and Wise 2000) . Subsequent experiments revealed that the behavioral effects positively affecting plants are caused primarily by responses of female spotted cucumber beetles to the presence of predators (Williams et al. 2001) . When conÞned to one chamber in a laboratory microcosm with a single plant, female spotted cucumber beetles reacted to the presence of a spider by reducing their time spent feeding. The reduction in feeding time had two components: the spider induced females to spend less time on the plant, and when found on the plant, female beetles fed less often. Males spent less time on the plant and fed less frequently than females, and did not alter their behavior when a spider was present. When given the opportunity in a larger microcosm to select plants with or without a wolf spider at the base of the plant, females responded more strongly and more consistently than males. A male beetleÕs decreased sensitivity to predator presence greatly increased its risk of falling prey to a spider. When the spider was not prevented from attacking the beetle, only 5% of male beetles survived a 2-d exposure to spiders. In contrast, over 80% of female spotted cucumber beetles avoided spider predation over this same period (Williams et al. 2001 ).
Another species, the striped cucumber beetle, Acalymma vittatum (F.), also causes considerable damage to cucurbit crops (Foster and Flood 1995) and is the primary insect pest of cucumber and melon crops in much of the eastern United States (Ellers-Kirk et al. 2000) . Striped cucumber beetles face a diverse community of natural enemies (Foster and Flood 1995) . Arthropod predators, and large wolf spiders in particular, appear to be major predators of striped cucumber beetle adults Wise 1999 Ð2001) .
Spotted and striped cucumber beetles have similar life histories. They share overlapping habitats (Foster and Flood 1995) and have many of the same food sources and predators . These facts suggest that striped cucumber beetles would display similar antipredator responses to the presence of wolf spiders. If both spotted and striped cucumber beetles display similar antipredator responses, perhaps this behavioral pattern is a general trend in diabroticine beetles. The research reported here addresses four major questions. (1) Does the simple presence of a wolf spider in a laboratory microcosm cause striped cucumber beetles to alter their feeding behavior? (2) How do striped cucumber beetles respond to the presence of a wolf spider in the Þeld? (3) If striped cucumber beetles respond to spiders, what cues do the beetles use to detect them? (4) Does the proximity of other beetles affect the way that striped cucumber beetles respond to the presence of a spider? Observations of the behavior of beetles in two-chambered laboratory microcosms, in which beetles and spiders were prevented from coming into contact with each other, formed the basis for answering questions 1, 3, and 4. Field observations of striped cucumber behavior provided the answer to the second question and also shed light on the fourth.
Materials and Methods
Overview. The basic design of the laboratory microcosms was similar to that used in previous research Wise 2000, Williams et al. 2001) . Each microcosm consisted of two 10 ϫ 10-cm cylindrical chambers separated by a 1-mm mesh aluminum screen through which neither spider nor beetle could pass. Each microcosm contained a single squash plant that had been planted in 4 cm of soil and that extended through the screen barrier into the upper chamber (see Fig. 1 in Snyder and Wise 2000) . In most experimental treatments, a single female striped cucumber beetle was housed in the upper chamber; one experiment contained a treatment with three beetles in the upper chamber. The lower chamber housed a single wolf spider, had no spider, or contained a cricket, depending on treatment. In two experiments, tactile and/or visual cues that could have signaled the presence of the spider were blocked.
Each laboratory experiment lasted 72 h. Observations were taken every 3 h (1200, 0300, 0600, 0900 h, etc.) during 1-min visits to each microcosm. Location and feeding behavior of the beetle and activity of the spider (if present) were recorded. Three response variables were recorded for each beetle: frequency of plant occupancy, feeding rate when on the plant, and the overall feeding rate. Plant occupancy was calculated as the proportion of observations in which the beetle was found occupying any part of the plant, whether feeding or not. Plant occupancy served as an indicator of beetle dispersal from the plant. The feeding rate on the plant was calculated as the proportion of the times that a beetle was observed on a plant that it was feeding. The overall feeding rate was calculated as the proportion of total observation times during the experiment in which the beetle was feeding on the stem or the leaves of the plant and is the product of the Þrst two response variables. The response variables "feeding rate on the plant" and "overall feeding rate" Fig. 1 . Effect of spider and cricket presence on the (A) patterns of plant occupancy, (B) feeding rate while on the plant, and (C) the overall feeding rate of striped cucumber beetles in experiment 1. N, neither present; C, cricket present; S, spider present. Plant occupancy: the percentage of observations beetles were observed anywhere on the plant, feeding or not feeding. Feeding rate on the plant: the percentage of observations a beetle was found on the plant in which it also was feeding. Overall feeding rate: the ratio of the number of observations that beetles were observed feeding to the total number of observations. Means Ϯ SE are shown.
do not measure the amount consumed per unit time, but they likely are correlated with this variable because they measure feeding activity. The programs Statistica (StatSoft, Tulsa, OK) and SAS (SAS Institute Inc., Cary, NC) were used for data analysis.
Plots of pumpkin and squash planted by the Kentucky Cooperative Extension Service in Jessamine Co., KY, were used in late July to mid-August 2000 to collect beetles for experiment 1 and for the Þeld study. In 2001, six 8 ϫ 8-m plots were planted in mid-May with squash, pumpkin, and cantaloupe at the University of Kentucky Spindletop Research Farm in Fayette Co., KY. Beetles collected from these plots were used for experiments 2 and 3. Only female beetles were used for the laboratory microcosm experiments. Beetles were housed individually in 100 ϫ 15-mm plastic petri dishes with a water-soaked cotton dental wick and a 1-cm cube of squash fruit. Beetles were used within 24 h of collection. Each beetle was used in only one run of an experiment.
Adult females of the wolf spider Rabidosa rabida (Walckenaer) were collected in the same Þelds from which the beetles were collected and were housed individually in 30 ϫ 15 ϫ 10-cm plastic boxes containing 1 cm of moist potting soil. R. rabida is abundant in agricultural Þelds in Kentucky (Culin and Yeargan 1983) and is a relatively large wolf spider, with an adult body length of 11Ð21 mm (Brady and McKinley 1977, Kaston 1981) . Laboratory and Þeld studies have implicated large wolf spiders as being a major predator of striped cucumber beetles (Snyder and Wise 1999) . Previous laboratory research has established that R. rabida readily attacks and consumes spotted cucumber beetles (Williams et al. 2001) , and R. rabida has been observed feeding on striped cucumber beetles on foliage in the Þeld at night (J.L.W., personal observation).
Experiment 1: Spider Presence. There were three treatments of 15 replicates each: spider present, cricket present, and neither present. Only a metal screen separated a single beetle in the top chamber from the arthropod below.
Field Study: Response of Beetles in Groups to a Nearby Wolf Spider. Observations were made at night with a Petzl headlamp, using methods described in Snyder and Wise (1999) . A red Þlter (Ͼ700 nm) minimized detection of the light by the spider and the beetle (Wyatt 1997) . Groups of feeding beetles were located that were not near a wolf spider (No-Predator situation, n ϭ 76) or that were within 15 cm of a wolf spider (Predator situation, n ϭ 76). Once a wolf spider was located, it was observed until foraging activity took place. Foraging activity was deÞned as movement toward a group of striped cucumber beetles. If the spider appeared to be actively foraging within 15 cm of a group of beetles, the spider and the beetles were observed for an additional 15 min. The observations in No-Predator and Predator situations were taken from variable distances. Binoculars (Minolta Activa, Minolta Corp., Ramsey, NJ) were used to increase the accuracy of the recorded observations when the NoPredator or Predator situation was Ͼ2 m. These observations took place over 19 nights, with No-Predator and Predator situations interspersed.
Experiment 2: Visual and Tactile Cues. We conducted two runs (July and August) of a 2 ϫ 2 factorial experiment plus a control (reference) treatment. The 2 ϫ 2 design consisted of the presence or absence of one of two types of cues, yielding four treatments: (1) TACTILE ϩ VISUAL (both stimuli present), (2) VISUAL REMOVED (visual stimuli blocked, but tactile stimuli present), (3) TACTILE REMOVED (tactile stimuli blocked, but visual stimuli present), and (4) BOTH REMOVED (both stimuli blocked). In the control treatment, there was no spider in the bottom half of the microcosm, and no cues were blocked. This treatment was included to verify that beetles were responding to the predator, so that any change in behavior caused by blocking cues could be attributed to changes in predator avoidance behavior. Visual cues were blocked by inserting between the two chambers two sheets of brown construction paper, separated by 5 mm, with three alternating holes of 14 mm diameter, so that the beetle could not see the spider. Chemical, tactile, or auditory cues were not blocked. To isolate tactile stimuli, we placed a wiremesh cage containing the wolf spider on top of a Styrofoam base that protruded through a hole cut in the ßoor of the microcosm. We attached a circular foam layer to the bottom of the microcosm to further ensure the isolation of any vibrations originating from the wolf spider. There were 10 replicates of each treatment and the control, for a total of 50 replicates for each run. The results were analyzed as a 2 ϫ 2 by two mixed-model analysis of variance (ANOVA) with tactile cue and visual cues as Þxed factors, and run as a random factor.
Experiment 3: Visual Cues, Tactile Cues, and Presence of Other Beetles. This experiment was a 2 ϫ 2 ϫ 2 factorial design with three factors altered: tactile cues, visual cues, and the number of other beetles present (0 or 2). When three beetles were present, they were randomly marked on their right posterior femur with blue, red, or white nail polish. The beetle with the white mark was the focal beetle. When only Refer to text and Fig. 1 for description of response variables.
one beetle was present, it was marked with white nail polish. This experiment had two controls: control 1 (n ϭ 7), in which there was no spider and one beetle; and control 3 (n ϭ 7), in which there was no spider and three beetles. Control 1 and control 3 were compared to determine if there was an observable effect of group size on individual beetle behavior independent of spider presence.
Results
Experiment 1: Spider Presence. There was no signiÞcant difference between treatments in plant occupancy by the beetle [ Fig. 1A ; F(2,42) ϭ 1.64; P ϭ 0.206, one-way ANOVA], but when the beetle was on the plant, its feeding rate was nearly 50% lower in the presence of the spider [ Fig. 1B; F(2,42) ϭ 11.59; P Ͻ 0.001; contrasts: cricket versus spider, F(1,42) ϭ 14.32, P Ͻ 0.001; neither versus spider, F(1,42) ϭ 16.35, P Ͻ 0.001; cricket versus neither, F(1,42) ϭ 0.235, P ϭ 0.562]. Thus, the overall feeding rate of striped cucumber beetles was signiÞcantly higher in the neither and cricket treatments than in the spider treatment [ Fig. 1C ; F(2,42) ϭ 11.57; P Ͻ 0.001; contrasts: cricket versus spider, F(1,42) ϭ 18.68, P Ͻ 0.001; neither versus spider, F(1,42) ϭ 15.92, P Ͻ 0.001; cricket versus neither, F(1,42) ϭ 0.111, P ϭ 0.741]. The spiders were active in 42% of the nighttime observations, a rate more than double that during daytime (17%; t ϭ 6.78, P Ͻ 0.001, df ϭ 19).
Field Study: Response of Beetles in Groups to a Nearby Wolf Spider. The presence of a nearby wolf spider increased the percentage of beetles in a group that emigrated from the plant over a 15-min period by 50% [ Fig. 2; F(1,149) ϭ 11.23, P ϭ 0.001, analysis of covariance (ANCOVA); the size of the predator effect was calculated by comparing the predicted percentage emigrating from the median group size (ϭ9) in the "Predator" and "No-Predator" situations]. Beetles emigrated at a higher rate as group size increased in both Predator and No-Predator situations, but group size did not affect the responsiveness of the beetles to the presence of a wolf spider [F(1,148) ϭ 2.45, P ϭ 0.119, test of parallelism].
Experiment 2: Tactile and Visual Cues. When tactile and visual stimuli were blocked simultaneously, striped cucumber beetles behaved as if no predator were present [ Fig. 3 , P Ͼ 0.798; (T-V-: tactile cues removed, visual cues removed) versus control (no spider), all response variables]. Blocking only tactile stimuli increased the plant occupancy ( Fig. 3A ; Table  1 ), but had no signiÞcant effect on the feeding rate on the plant (Fig. 3B) , although the F value was close to statistical signiÞcance (Table 1 , P ϭ 0.087). Blocking tactile stimuli increased the overall feeding rate ( Fig.  3C ; Table 1 ). Removing visual stimuli had no signiÞ-cant effect on any response variable (Table 1) . There was no effect of time of day (daytime versus nighttime observations) for any response variable in a repeatedmeasures ANOVA, nor was there an interaction between time of day and any of the factors (tactile, visual, or run; P Ͼ 0.198, all tests and response variables). Spiders were active in 37% of the nighttime observations, a rate double that during daytime (18%; t ϭ 10.34, P Ͻ 0.001, df ϭ 19).
Experiment 3: Tactile Cues, Visual Cues, and Presence of Other Beetles. As in experiment 2, beetles failed to change their behaviors in response to the wolf spider when both tactile and visual stimuli were removed. When tactile and visual stimuli were blocked simultaneously, striped cucumber beetles behaved as if no predator were present [ Fig. 4 , P Ͼ 0.764; (T-V-) versus control (no spider), all response variables]. However, unlike the pattern of results in experiment 2, the effect of the spider on plant occupancy was modiÞed by blocking visual in addition to tactile cues ( Fig. 4A; Table 2 ). Similar to the previous experiment, the presence of the predator did not affect the feeding rate when on the plant ( Fig. 4B ; Table 2 ). The overall feeding rate of beetles increased when tactile or visual stimuli were blocked ( Fig. 4C ; Table 2 ). The presence of other beetles did not affect any of the response variables directly [p(t) Ͼ 0.429, df ϭ 12, control 1 versus control 3; results in Table 2 ]; however, for plant occupancy, there was a signiÞcant interaction between the number of other beetles and one of the cues: the presence of other beetles slightly increased plant occupancy when tactile cues signaled spider presence (Figs. 4A and 5A; Table 2 ).
There was no effect of time of day (daytime versus nighttime observations) for any response variable in a repeated-measures ANOVA, nor was there an interaction between time of day and any of the factors (tactile, visual, or number of other beetles; P Ͼ 0.237, all tests and response variables). Spiders were active during 77% of the observations made at night, which was a level of activity Ϸ40% higher than during daytime (56%; t ϭ 11.99, P Ͻ 0.001, df ϭ 19).
Discussion
The current study with A. vittatum and that with D. undecimpunctata howardi (Williams et al. 2001) establish that more than one species of cucumber beetle modiÞes its behavior in response to the presence of a wolf spider. In laboratory microcosms, individual beetles of both species increased the rate at which they left the plant in the presence of a wolf spider. The spider reduced plant occupancy in both species by Ϸ50%. The spotted cucumber beetle also responded to the spider by reducing its feeding rate when on the plant (Williams et al. 2001 ), a response displayed by striped cucumber beetles only in experiment 1 of the current study. Interestingly, in experiment 1, there was no signiÞcant effect of the spider on plant occupancy by the beetle. These differences indicate that, although spotted and striped cucumber beetles respond to the presence of a wolf spider, how they allocate their time spent feeding in the presence of a predator is not identical. Despite these differences in behavioral response, the presence of a spider had a similar effect on the overall feeding rate (i.e., the fraction of total observations during which the beetle was feeding). This effect, now documented for two species of cucumber beetles, may indicate the presence of a broad pattern of similar antipredator behavior among diabroticine beetles.
Field observations conÞrm that the behavioral responses to a predator observed in the laboratory microcosms are representative of the striped cucumber beetleÕs natural behavior. The increased rate of emigration from the plant in response to the nearby presence of a wolf spider was of similar magnitude (i.e., approximately 50% difference) in both types of study, although direct comparisons cannot be made because the time frames were different. Also, natural groupings of beetles, not individuals, were observed in the Þeld study. At the range of group sizes observed, the number of other beetles had no effect on the responsiveness of the group to the spider. In experiment 3, there was a slight effect of the presence of other beetles; other beetles decreased the extent to which tactile cues signaling the presence of a spider led to an increased rate of emigration. This difference in results between the Þeld study and the laboratory microcosm is not necessarily a contradiction, because the smallest group observed in the Þeld consisted of two beetles, whereas in the laboratory microcosm the interaction between group size and response to the wolf spider was detected by comparing the response of a single beetle to that of a beetle in a group of three. It is interesting that a single beetle appeared to be more responsive, and hence was more likely to escape the predator, than were beetles in a group, although the effect was not large. Our laboratory microcosm experiments established that striped cucumber beetles are not relying on olfactory or auditory cues to detect the wolf spider. In both experiments in which predator stimuli were manipulated, the beetles were not able to detect the spiders when both tactile and visual cues were blocked, even though auditory and olfactory signals were still present. The two experiments, however, did not equally support the importance of visual cues. In both experiments, blocking tactile cues affected behavior, but only in the Þnal experiment (experiment 3) did blocking the visual cue affect the beetleÕs responsiveness to the spider. Spiders were at least two times more active during experiment 3 then during both runs of experiment 2, which could account for the greater sensitivity of the beetles to visual stimuli during the Þnal experiment. Also, during the Þnal study there was a full moon, whereas there was a new moon during both runs of experiment 2; the moonlight during experiment 3 might have ampliÞed the effect of greater spider activity during that experiment, because spiders were more active at night in all experiments. However, this possible effect requires further testing, because there was no difference between day and night in the responsiveness of the beetles to the spider during either experiment. Williams et al. (2001) showed that the presence of a wolf spider predator reduced by nearly 50% the feeding damage to squash plants caused by spotted cucumber beetles. Both Williams et al. (2001) and this study demonstrate the readiness of cucumber beetles to emigrate from plants when a predator is nearby. Possibly, such modiÞcation of beetle behavior, in addition to increased mortality, can account for the effectiveness of wolf spiders in reducing the damage to cucumbers by cucumber beetles discovered by Snyder and Wise (2001) . A reduced feeding rate on the plant in the presence of spiders and increased emigration from the plant would both contribute to a reduction in plant damage. However, because the microcosm experiments were conducted in small containers with a single plant, further research on the distance traveled by emigrating beetles is needed to determine whether or not the primary effect of predator presence is to modify local density, i.e., density per plant, rather than density over a large area. Although any interruption of feeding behavior has the potential to decrease plant damage, an understanding of how this behavioral modiÞcation may affect largescale density of cucumber beetles requires future study.
Previous research Wise 2000, Williams et al. 2001 ) uncovered an antipredator response to wolf spiders by the spotted cucumber beetle. In this study, a similar antipredator response was identiÞed in a related agricultural pest, the striped cucumber beetle. Furthermore, similar effects of the predator on the rate of emigration from a plant were observed in an open, nonmanipulated Þeld population. These results suggest that in testing the possible effectiveness and impact of potential biological agents, more attention should be given to studying the feeding behavior of the pests in the simple presence of the predator. Traditionally, only the rate of prey mortality inßicted by the predator in microcosms has been documented. It may also prove fruitful to document how the predator affects the pestÕs feeding behavior.
